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FOREWORD

fr

A summary report is presented on work performed during the period
May to Decembzr 1969 on the Contract NAS8-21123, "Space Environmental
Effects on Solidification.! The reported work essentially fulfills the tasks

stated in Modifications 4 and 6 to the original contract. These are:

e Define mechanism in solidification and phase charge that
may be perturbed by the environment of space, particularly
zero-gravity

e Initiate a study to define materials having a high potential
for production in space

e Define analytical models for study of the “loating zone and
Czochralski techniques for crystal grow:l.

e Define major potential problem areas a:: ociated with
solidification and :rystal growth in s»ac

Initiate theoretical and analytical studies to define the

by effects of the space environment, particularly zero-gravity,

f}\ on the basic mechanisms involved in the solidification of

L materials having high potential for :pace processirg in-

N cluding semiconductors, superconductor: , f{erroelectrics

&' and other materials. Among the salidili ation techniques

Iy to be considered are unidirectional, solu!ion transport,

floating zone, and Czochralski. It it highly desirable to

- define analytically the functional deps¢ndence of impurity

<, deposition and structural dafects on solid.fication mech-

& anisms in a zero-gravity environment.

‘f ; This study program is sponsored by the George C. Marshall Space Flight
i{: Center, National Aeronautics and Space Administr ition, Huntsville, Alabama,
“3"; Mr. T.C. Bannister is the directo- of the study. .)r. P.G. Grodzka, Research

Specialist, Lockheed Missiles & Space Company, Huntsville F :search & Engi-

xRS
N o b

neering Center, Huntsville, Alabama, is the Principal Investigator.
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SUMMARY

A theoretical analysis of the influence of various zero-
gravity effects on solidification was conducted. Resulis of
this analysis made possible the designation of five specific
single crystals as candidates 1or manufacture in space orbit.
The five candidates are silicon, germanium, KTN, BANANAS,
and CuCl. Also, a number of considerations pertinent to space
processing concepts and mathernatical analysis theory are

discussed.

iii~

LOCkHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

M s e o



o

prAncIg

ru-w-.'q

e emes omms wmms GRS NN  GEe BNN GBS BEE W Wem e

Section

LMSC/HREC D148619

CONTENTS

FOREWORD

SUMMARY

INTRODUCTION

SPACE ENVIRONMENT EFFECTS ON CRYSTAL
GROWT™ AND ON OTHER SOLIDIFICATION
FPROCLSSES

2.1
2.2
2.3
2.4
2.5
2.6

Introduction

Melt and Soluticn Growth Characteristics
Non-Gravity-Driven Convection

Macroscopic and Microscopic Convection Criteria
Coupling Phenomena

Convection Effects on Crystal Growth

PRODUCT AND MATERIAL CANDIDATES FOR
SPACE PROCESSING

3.1
3.2
3.3
3.4
3.5

Large, Perfect Single Crystals
Single Crystal Films

Spheres and Tubes

Directionally Solidified Composites
Postulated Unique Pi1 >ducts

PROCESSING CONCEPTS

4.1
4.2

Melt Growth of Large Single Crystals
Solution Crystal Growth

MATHEMATICAL FORMULATIONS OF CRYSTAL
GROWTH

iv

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

Page

ii

iia

w

O O bW

10

18
18
21
22
25
27

29
29
34

37



[

EATRE AT T SR

b
SN

1.4

s
pa o)

3,
bt!

. e
", .
-E"r* (S TRT- AT
K RN
o, .y

WHE s

i

M TX

1t
|

’ ‘-.‘.4"‘!'.\«;“
B

f

TS A

[

|\

LR
g

%

fi
I
)“ K

ey B S

GEy @ suas o GEE G D YO O NS e b

Section

Table

10
11

12
13
14
15

LMSC/HREC D148619

APPENDIX

Mechanical and Thermodynamic £'xplanations
of Surface Tensions

TABLE

Solidification Structure as a Function of Constitutional
Supercooling

FIGURES

Schematic Phase Diagram for a Simple Eutectic System
Typical Cell Fatterns Caused by Convection

Fluid Flow Patterns in Bénard and Rayleigh Convection
Cells

Possible Temperature Isotherms in a Crystal During
Freezing

Effect of Convection on Solid-Liquid Interface Shapes
in Zone-Melting

The Various Morphologies as a Function of Constitu-
tional Supercooling

Zero-g Phenomena May be Surprising
Equilibrium Shapes of Liquid Crystalline Drops
Structure of Inverse Bubbles

Czochralski Crystal Growing Arrangement

Salient Features of a Floating-Zone Crystal Growing
Arrangement

Schematic of Pedestal Apparatus
The Bridgman Technique
Schematic of Tiller's Proposed Cell for Solution Growth

Schematic of Temperature Gradient Zone Melting

LOCKHEED - HUNTSVI.".E RESEARCH & ENGINEERING CENTER

Page

26

14

15
23
24
27
29
31

32
33
34
35



Figure
16
17
18

LMSC/HREC D148619

Page
FIGURES (Continued)
Mathematical Model of Zone Melting 38
Possible Liquid Surface Curvatures A-4
Attraction on Small Volume Element in Concave
Liquid Surface A-4

vi

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC/HREC D148619

Section 1
INTRODUCTION

Lockheed's iritial studies on the effects of the space environment on
solidification were directed toward a thorough evaluation of the science and

technology of thermal contrel of orbiting spacecraft by use of solid/liquid

phase-change material (PCM). References 1l and 2 document the work per-

formed in these studies.

While this work was in progress, the concept of utilizing the unique envi-
ronment of space orbit for production purposes began to excite the imagination
of a large segment of the scientific community. One of the most promising
product areas foreseen for space production was that of single crystals and
directly solidified compoeites for electronic and orbital applications. Know-
ledge and information generated on the subject contract was just the sort
which was required for evaluating and innovating space processing concepts.
Before full use can be made of the information, however, its relevancy to
specific products and processing procedures must be analyzed. The work

conducted for the nine-month period (May through Decembezr 1969) has been

concerned mainly with such a relevancy analysis. Results of the present

study include the identification and characterization of:

e Space environment effects on crystal growth and other
solidification processes

o Products and materials having a high potential for space
processing

Processing concepts based on solidification most suitable
for zero-g environments

Potential problem areas associated with solidification
in zero-g.
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In addition, considerations pertinent to mathematically modeling floating-
zone and the Czochralski techniques of crystal growth to include important
zero-g effccts are discussed. Although the mathematical modeling is
restricted to the two cited techniques of crystal growth, the underlying con-
siderations are equally applicable for modeling of general PCM behavior in

zero-g environments.

Only materials and processing concepts which involved solidification
from a liquid phase are considered., Crystal growth from vapor or solid

phases is heyond the present scope.
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Section 2

SPACE ENVIRONMENT EFFECTS ON CRYSTAL
GROWTH AND ON OTHER SOLIDIFICATION PROCESSL:S

2,1 INTRODUCTION

In a previous report (Ref. 1), space environment effects on solidification
processes are considered in detail, In the cited reference it is concluded
that zero or near zero gravity fields will be the most important parameters
affecting solidification behavior in space environments. Gravity affects solidi-
fication processes indirectly through buoyancy or convection. Convection
determines the temperaturc and concentraticn fields in the fluid phase., Solidi-
fication processes, in turn, depend directly on temperature and concentration
distributions. As a result of these considerations, three main advantages are
foreseen for processes involving crystallization in near zero-g environments,

Th s~ are:

e Elimination of gravity-driven convecticn
e Non-segregation of composites because of density differences

e Full use of surface tension forces in shaping, coating, and
forming operations.

New or better products can be postulated which capitalize on each of
these advantages. For example, the elimination of gravity-driven convection
promises electronic and optical single crystals of unprecedented perfection.
Ball bearings of hitherto unheard of tolerances possibly can be made by allowing
metal melts to solidify while freely levitated under zero-g. A definite con-
clusion regarding the feasibility of such products, however, requires that a

number of questions be considered further. Among these are:

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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e In what manner does convection influence crystal growth
and thereby influsnce crystal perfection?

e What extent of convection is likely to be encountered under
various g conditions ?

e In what manner might non-gravity driving forces for mass
movement be utilized for effecting new products ?

These questions are cons.dcred in the following paragraphs although not
in the order of their presentation. To answer the posed questions adequately,
it is necessary to first consider the nature of melt and sadlution crystal growth,

non-gravity d.iving forces for fluid flow, the scale of fluid motion, and

§ coupling pl.enomena.
S g
% 2,2 MELT AND SOLUTION GROWTH CHARACTERISTICS
In general, solution growth is not as desirable as is melt growth for
§z= high-quality single crystals. Solution growth ix much slower and usually
§ produces a relatively imperfect product. In certain circumstances, however,
solution growth is the only practical means for growing an acceptable product.
i For this reason, it cannot be totally dismissed. A phase diagram, F.g. 1,
;'?f for a simple eutectic will serve to illustrate the distinguishing character-
:.2; istics of melt and solution growth,
o
% Point A represents the melting point of pure S; and point E that of pure
# S;. Meit growth of S; would occur well over on the left-ha.ad portion of
@33 curve AC, while melt growth of S, well over on the right-hand side of curve
EC. Regions of solution growth of S; and S, occur over the rest of the AC
and EC curves, In the region of eutectic crystallization both S; and S,

crystallize simultaneously. Obviously, when considering solution growth

of any component, . is well not to get too close to the point of eutectic

crystallization.

The dividing lines as shown in Fig. 1 were drawn rather arbitrarily.

It remains for future studies tc define precise criteria for the position of

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Fig. 1 - Schematic Phase Dia_ am for a Simple Eutectic Systern
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the dividing lines. The point to be made here is that melt and solution
crystal growth are not fundamentally different processes, but just a matter
of degree of dominance of varioué possitle rate processes. For example,
»n melt growth of 5, because the amount of 5, is very small, the rate of
crystal growth will be determined either by the rate of heat transfer or the
rate of the atomic attachment kinetics. In solution growth of S;, because
of the greater amount of S, compeonent, the rate of diffusion of 5] from
solution to the crystallizing interface becomes important. One analysis of
the relative importance of kheat transfer and diffusion presents a simple
criterion for determining which rate process is predominant {(Ref, 3). This

criterion is stated as follows:

1-cl‘/cm _ R'I'2

tn(c]]s) - cooDL

The term c_ is the concentration a2t the growing crystal interface, cg the
bulk ccncentration, s the crystal solubility, R the gas constant, T the tem-

perature, D the diffusion coefficient and L the heat of solution. If cither of
Tr -
troliing rate. If either expression is much less than one, heat conduction

the expressions is greater than one, c »c s, and diffusion is the con-

is the limiting factor. .

2.3 NON-GRAVITY DRIVEN CONVECTION

Liquid-vapor, liquid-liquid, and possibly liquid-solid interfacial
tensions and also volume changes accompanying sclidification are potential
non-gravity forces for fluid flow. In the present study only the liquid-vapor
and liquid-liquid interfacial tension driven flows are considered. Fluid
flow caused by surface or interfacial tension gradients is called the
Marangoni effect. {Several excellent general reviews of surface tension
flows are given in Ref, 4). X a free liquid surface experiences a tem-
perature or concentration gradient, a surface tension gradient will result

because surface tension is a function of temperature and concentration.
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Along the surface liquid will flow from the region of low surface tension to
one of high surface tension. Usually, this will be from hot regions to
colder regions because surface tension generally decreases with increase
of temperature. The liquid moves faster near the surface, the depth of the

disturbance cepending on 2 variety of hydrodynamic parameters.

The occurrence of "tear drops' in a wine glass is a common illustra-
tion of the Marangoni effect. In this case evaporation of alcohol leaves the
layer of liquid on the wetted glass walil with a higher surface tension than in
the buvlk of the liquid. As a result, liquid on the glass walls continuously
draws up more liquid from the bulk until a "tear" is formed. When the
'tear' becomes large enough, it fails back into the liguid. Another less
commonly observed fluid motion also has its origin in surface tension gra-
dient. A cellular motion results if a thin layer of fluid is heated from
below and cooled from abeve. This type of convection flow was first inves-
tigated by Bénard in 1900. As viewed in perspective, Bénard cells present
the appecarance of a tray of doughnuts whose peripheries are squeezed
together. Typical cell appearances, as viewed from above, are shown in
Fig. 2.

Hexagonal Cells Worm-Shape Cells

Fig. 2 - Typical cell patterns caus.d ty convection (Ref. 5)
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Loid Rayleigh dev: lopacd a theory for cellular convection on the basis
of an unstablc deusity g':adient. Rayleigh's fheory, however, did not agree
with all experimental cbse. sation, For example, cecllular convection was
found in shallow poole cooled from below; a stable situation according to
Rayleigh's theory. Also "he flow patterns observed in some instances
were opposite to those predicted by Rayleigh's theory. Hot liquid was
observed rising b2low centers cf depression, whereas hot lizuid would be
expected to coincide with «levated regions if the flow wers gravity driven
(See Fig.r 3). Thoe discrepancies were resolved wheu both gfévity and
surface tension were recognized as possible motive forces for fluid flow.
Couplings between surface tension and buoyancy were also recognized as

a posnbxhty.

Hot Hot
Cold
Cold Cbld ( Y )
Surface Tennon-Dnven Cells Gravity-Driven Cells

Fig. 3 - Fluid Flow Patterns in Bénard and Rayleigh Con- ection Cells

In one analysis of cellular convectiou (Ref. 6), a stability criterion
for surface tension-driven tlows based on a dimensionless number B is
giver. This number, known as the Marangoni number, expresses the ratio

of surface tension to viscous forces and is defined as

4y 4r 2
dT dy

PV a
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where dT/dy. V, @, p, and d are vertical temperature gradient, kinematic
viscosity, thermal diffusivity, density and thickness of the fluid layér.
respuctively, The term dy/dT represents the rate of change of surface

tension with temperatare,

For gravity-driven cellular convection the stability criterion is based on

the Rayliigh number, which is given by

: g8 & 4
R = —L—

where g is the acceleration due to gravity and Bthe coefficient of expansion.

2.4 MACROSCOPIC AND MICROSCOPIC CONVECTION CRITERIA

Whether a flow is classified as macroscopic cr microscopic depends,
of course, on the scale of interest, For example, gravity driven Behard
cells are considered in such large scale phenomena as cellular cloud
patterns, polygonal distribution of rocks in certain arctic regions, and
linar craters (Ref. 7, p. 71). On the other hand, Behard cells in sizes
down to 50 microns are also commonly observed in thin flnid layers (Ref. 8).
Both macroscopic and microscopic convection can influence the size and
quality of siﬁgle crystals, as discussed later, For the moment it is of
interest to investigate what critcrion might be used to decide which fluid
flow driving force is predominant in any given situation, First of all it
is necessary to define some measure of scale of motion. This require-
ment is conveniently fulfilled by a wavelengith, A. For example, the length
of waves generated on a liquid surface by mechanical vibration, or the
distance between two regions of repeating properties such as the distance
between the cell walls of & Behard cell, '

In the case of waves on a liquid surface, their speed is given by the
following formula if gravity is the dominant influence (Ref, 9)

- B

9
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In the casc where surface tension is the dominating force

- [

The following criteria, therefore, may be devised for decidihg which force,
gravity or surface tension, plays the predominant role (Ref. 10, pp. 597-5%8):

E ’ 4y gravity-domsinated
A > 13 ) waves

) : p.

£ A 41:'2 4 surface tension-

A 13 p dominated waves

2.5 COUPLING PHENOMENA

As previously stated, convection may affect crystal growth processes
indirectly by altering the temperature and concentration ficld throughout the
fluid phase. Because both convection and solidification mechanisms, how-
ever, depend directly on local temperature and cuncentration conditions,
convection and solidification ar: seen to be depeundent processes. In fact,
they may be said to be coupled processes. Each is a response to imposed .
variations of a variety of possible independent parameters among which
gravity must be numbered, The degrse and manner of occurrence of
either or bhoth processes is thus interrelated.: For example, the occur-
rence of compositional cells which have their brigiiz in constitutional
supercooling depends on the temperatare gradient in the liqﬂid phase
(Ref. 11). The sfeeper the gradient, the less likely the occurrence of
compositional cells. The steeper the external temperattir;'e gradient,
however, the more likely that convection will result, The internal tem-

peratrr: gradieat near the solid-liquid interface therefore may be reduced.

10
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The presence of a moving solid-liquid interface which is liberating heat,
in turn influences the convective field.

Systems under the influence of both gravity and surface tension
forces may exhibit behavior unique to force couplings. For example, the
speed of liquid surface waves is influenced by both gravity and surface
tension. The coupling may be expressed in the following formula (Ref. 9):

: 1/2
2

For the case of cellular convection in thin fluid layers heated from
bLelow, the coupling is such that convection is predicted where non: would
be expected if the coup®ing were ignored. A criterion of instability when
the coupling, under maximum reinforcement, between the two agencies is

taken into account is given by Ref. 12,

)
+
ol
IV

where Rc and Bc represent the critical values. In general, R and B
reinforce each other in such a2 manner that cellular convection may occur
at a Rayleigh number R and a Marangoni number B smaller than thcir

corresponding critical values, Rc and B c*

The phenomenon of convective overstability is still another area
where coupling between gravity and surface tension appears to be an
important fluid flow driving mechanism. When a fluid layer is subjected
to an appropriate temperature gradient convection may set in as a sta

ticaary, cellular convection or as an oscillating convection with a

characteristic frequenc& (Ref, 13). The flow can be pictured as proceeding

in one direc ion for a time, coming to a halt, and then reversing (Ref. 14,
p. 744). Overstable modes result in regular oscillations in temperature

11
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and are thus of considerable interest to crystal growers. Regular tem-
perature oscillations have been observed in a number f cases in molten

salts and in molten metals contained in horizontal boats acress which

femperature gradients are imposed (Refs. 15 and 16). Overstable oscil-

lations have been the object of a large number of rnathematical treatments.
The outcomes of these treatments, however, have been somewhat in- ‘
consistent with actual observations. In particular, the presence of over-
stable convection was observed in cases prohibite. by theory (Ref, 17).

A recent treatment, (Ref. 17), however, establishes that the combined
effects of buoyancy and surface tension gradients may lead to overstable
oscillations in certain circumstances where oscillations, according to
previous theory, would not be expected. The analysis presents criteria
for stationary and overstable convective modes in terms of R, the Rayleigh
number, R/B, the ratio of the Rayleigh number and B the Marangoni

" number, and a term representing a frequency characterization of the fluid

velocity and temperature perturbation. Overstable oscillation is predicted
for water heated from above between 0 and 4°C. Interestingly, observable
melting and freezing oscillations are actually reported in one experimental
study of freezing water in a temperature gradient (Ref. 18). No free liquid
surfaces were present in the experimental study, thus raising the inter-

esting possibility of liquid-solid interfacial tension involvement.

Mention of various less familiar types of convection is found in the
literature. Among these are flows caused by liquid-liquid interfacial
tension gradients. A cellula> interfacial convection structure was found
to accompany the extraction of acetic acid out of ethylene glycol with ethyl
acetate (Ref. 19). The suggestion is forwarded that interfacial tension-
driven flows may also be important at solid-liquid interfaces (Ref. 20),

Thermosolutal convection results in certain situations. In this type of

convection the solute concentration varies vertically in a gravity field.

The result is a layering of convection regions. The origin for this type
of convection lies in the differing rates at which heat and solute diffuse
(Ref. 21). |

12
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Figure 4 shows the temperature isotherms associated with a concave (to
the liquid) interface shape. Near the solid-liquid interface, the tempera-
ture at the outer surface of the solid is lower than the temperature near
the center, Thermal contraction, therefore, causes the outer surface to
exert a compressive stress on the ccre of the crystal while the surtace
itself is in a state of tension (Ref. 22). If the solid-liquid interface is
convex tu the melt the inner core will be in tension and the outer in com-
pression. When the stress 0 exceeds the yield stress Oy s plastic flow
will occur which wil: relieve itself into dislocations. Convection can be
expected to exert a significant effect on the macroscopic interface shape
profiles. Figure 5 indicates the result of convection on the macroscopic

interface shape duriag a horizontal zone melting of an organic compound,

Heater Wires

Rotated at 2.5 rpm

Fig. 5 - Effect of Convection on Solid-Liquid Interface Shapes
in Zone-Melting (Ref. 23)
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On a microscopic scale, convection is probably the cause of many puzzling
crystalline imperfections, For example. temperature fluctuations having
their origin in turbulent or overstable convection can result in fluctuations
of crystal growth rate. Because the concentration of solute incorporated

in a solid is a function of the growth rate, the r-sult of growth rate fluctua-
tion is a ""handing'" of solute in the solid (Ref, 24). Local segregation of
solute on a microscopie scale can also lead to the introduction of dislocation

lines at the bounding surfaces of the se; regate (Ref. 25),

The appearance of the various interface morphologies as a function
of the liquid temperature gradient near the solid-liquid interface is shown.
in Fig. 6. The morphology changes from a planar to a cellular configura-
tion as the temperatuve gradient decreases and the degree of constitutional
-upercooling increase (Ref. 26). The appearance of the cells attributed to
constitutional supercocling is quite similar to the appearaice of convection
cells produced in thin layers of liquids.

Fig, 6 - Various Morphologies as a Function of Constitutional
Supercooling. Supercooling Increases from (A) to (E)
(from Ref. 26)

15
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This similarity is considered in a recent paper (Ref. 5). Ir this paper
certain impurity patterns found in tkin alkali halide crystals grown from

the melt are attributed to segregation induced by microscale cellular

convection,
° Mass Transfer Effects

By providing a stirring action, convection increases the rate of
mass transfer to the growing crystal. On the other hand, convection by
decreasing the temperature gradient ahead of a crystaliiz’mg interface
increases the chance of constitutional gupercooling and, thus, the likeli~
hood of an irregular interface. Such an interface will make solvent or
impurity entrainment generally more likely (Ref. 27). As the result of
convective temperature or concentration fluctuations, local precipitatioa
of impurity may resuit and be occluded by the grcwving crystal. Or, a
temperature fluctuation may cause an etch pit which becomes covered over

to form a minute inclusion by growing crystal (Ref. 28).

A mathematical characterization of crystal growth from a melt con-
sisting of component A plus component B is given by the distribution co-
efficient. The distribution coefficient is defired as the ratio of component
concentration, Cs, in the solid phase to that inu the liquid, CL. If true
thermodyra:aic equilibrium prevailed the ratio would be ko. During crystal

growth at steady state an "effective" distribution coefficient, k, is definad
by (Ref. 29):

k
o

5
ko ; (l-ko) e(—f 1.-)-)

where f is the c~ystal growth velocity, § the distance from the growing inter-
face beyond which solute concer ration is uniforraly CL’ In this analysis
only forced coavection and inertial convection are considered. Inertial

convection is the fluid flow normal to the freezing interface occasioned by

e
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volume change as the result of phase change. Cole snd Winegard (Ref. 30)
consider natural convection specifically. In addition to a solute boundary
layer, 8g, a thermal boundary layer, dp» is introduced. A thermal
boundary layer is d=fined as tae distance ahead of the interface beyond
which the flow pa.tern becomes completely turbulent. For metals and
2lloys, Cole and Winegard conclude that thermal convection during hori-
zontal solidification is of greater importance than soluteiconvection in

regard to the degree of solute maccosegregation,

In addition to the thermal and solute boundary layers, an additional
boundary tape is defined in still another paper (Ref. 3i). In this work a
momentum boundary laycr, 6f » for metals is given by

5 = (—?-) 134
i /2
5 =(KL)1/ b¢

Gravity driven convection, however, is not considered.

As yet, no comprehensive treatment of natural convection in terms
of all of the various bcundary layers has been found., Part of the antici-

pated future work will concern itself with such an elucidation.

2 7
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Section 3
PRODUCT AND MATERIAL CANDIDATES FOR SPACE PROCESSING

One of two criteria must be met by any product candidate for space

manufacture., These criteria are:

® The product can be made only under near zero-g
conditions.

® The product can be made better or less expensive
) under near zero-g conditions.

In the following, five general product areas which meet ¢cne or both
of these two criteria and which involve solidification as a major processing
step are considered. The merits of some specific, economically valuable

materials as related to possible space production are also weighed.
3.1 LARGE, PERFECT SINGLE CRYSTALS

The kinds of single crystals routi ely produced for various electronic
and optical applications probably number well into the thousands. The
Research Materials Information Center of the Oak Ridge National Labora-
tory, maintain;s a clearing house for information on the availability, pre-
paration, and properties of high-purity résearch crystal specimens. This
center recently undertook to assess the demand for research crystals in
the United States (Ref. 32). Questionnaires were sent to 2641 individuals
in 922 different organizations. As a result of this questionnaire, a list was
made of the recent most desired single crystals. The number of single
crystals desired is over 60, In addition to this list of most wanted crystals
the report presents some other interesting information. The estimated
money spent on solid state is from 100 to 200 million, with 30 to 60 million
dollars being spent annually on crystal growth. Also, some 2000 people in

18
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the United States are involved in som= aspect of crystal growth, A
compilation of econornically valuable single crystals synthesized and
characterized by the Solid State Sciences Laboratory of the Air Force
Cambridge Research Laboratories is presented in Ref, 33, Another

valuable review of needed crystals is given in Ref. 34.

The present study sought to identify materials whose space pror -
essing would offer not only technological benefits but alsa irumediate
economic benefits, To uscertain actual economic and production demands
for specific single crystals, the present study conducted a literature sur-
vey and also a telephone survey of a number of informed sources. As a
result, some 30 single crystal candidates for possible space proéessing
were identified. A shorter list of five materials whose space production
would appear to offer the most promise of economic or technological pay-

off is as follows

Silicon (Si)
Germanium (Ge)

KTN (mixture of potassium tantalate and niobate,
K Tal__x Nbx03)

Barium Sodium Niobate (BANANAS)
Cuprous Chloride (CuCl)

Of the presented list, space processing of germanium and silicon

would appear to be the easiests The other materials have been notoriously

hard to produce in acceptable single crystal form, Their economic value,
however, is so great that the benefits of space pror 'ssing need to be con-
sidered seriously. The case for space production of the materials pre-

sented is discussed in the following paragraphs:
® Silicon and Germanium

Although silicon and germanium single crystals are routinely grown

in two-inch boules, the demand for larger more perfect crystals of these

19
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two workhorses of the semiconductor industry grows incessantly. In

August 1969 ~n actual shortage of silicon wafers was reported (Ref, 35).

The trouble apparently lies in the slicing, polishing, and layers operations,

The ability to grow larger diameler silicon single crystals would result in

immediate cost savings because more wafers per slice would be realizad :
from larger diameter single crystals. Larger diameter single crystals
of silicon are also in ever increasing demand for large scale integrated
circuits. The cost savings in this area if larger diameter, perfect single

crystals of silicon we~- available would be tremendous (Ref. 36).

Another attractive feature of growing silicon and germanium in space
is that the growth of these two semiconductors is relatively straightforward.
Both are elements and can be growr directly from the melt. Also, cémplex

atmospheric controls are not necessary — a vacuum would work just fine.

© KTN and BANANAS

Problems of growing KTN have plagued the semiconductor industry
for years. The material, in its single crystal form, is extremely valuable
for modulation, switching and deflection of laser beams (Ref. 37). Single
crystals ¢ BANANAS or barium sodium nicobate have e-;ceptibnal- non-
linear optical priperties, are strongly piezoelectric, have low acoustic

losses at high temperatures (Ref. 38). Because of its potentially exciting

usefulness, BANANAS is presently occupying the attention and energies of

a large number of investigators. With both KTN and BANANAS, convection
during crystal growth appears to be the source of impurity etriations which
interfere with electronic or optical performance. W. R. Wilcox of the
University of Southern California, a noted authority on heat transfer durin'g
crystal growth, recently expressed this opinion in regard to KTN in a

buted to temperature fluctuations caused by turbulent-free convection
(Refe. 39, 40 and 41).

20 i
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The growth of these two materials is somewhat more complicated
than *hat of silicon or germanium, apparently requiring oxygen atmosphere
control, This complication, however, is relatively minor. Thus, the
economic and technological payoff for large, high quality crystals of two

materials make them candidates for space preduction.

[ ] Cuprous Chloride

Single crystals of CuCl are electro-optical materials. Such materials
find use as light modulators. The compound CuCl, however, is impcssible
to grow in high quality single crystal form from melt. A solid state tran-
sition occurs at 407°C; the compound has a melting temperature of 422°C.
Thus,. cooling a perfect crystal from melt temperature usually destroys
any sizable single crystal. Solution growth, which would enable growing
the low temperature phase directly, therefore, is the recommended pro-
cedure. Growth of CuCl from a KCl melt,i however, resulted in optically
inhomogeneous crystals (Ref. 42). An extensive analysis of the facts of
CuCl grown in this manner was not undertaken, but the cellular appearance
of some of the irnperfections suggests that convection played an important

role in their formation.
3.2 SINGLE CRYSTAL FILMS

The possibility that thin crystal films can be produced directly from
melt and, more impoftantly, processed into a form which can be easily
handled is one of the most exciting potentials of a zero-g environment.

The conclusion of one analysis of the processing techniques involved in
making silicon based integrated circuits is that better techniques of crystal
preparation are needed (Ref. 43). In particular, it would be highly desirable
to have a means of producing thin films of single crystal silicon directly
from melt. At present, 50 to 75% of single silicon crystals, usually grown
by the Czochralski tachnique, are lost in the various sawing, lapping and
etching operatidns. Also, the number of separate tweezer-handling

21
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operations of the silicon wafers in manufacture of actual devices will far
exceed one “and--ed. Single crys al thin films of silicon are also much in
demand for solar cells. It is to .e expected that thin films will have a
flexibility that will make them less fragile and thus much more versatile
for solar cell application — not to mention the lesser cost because of
lessened handling. The foreseen advan.ages of a space environment for
production of thin films from melt is tlat of lessened mechanical strain
on large sheets of single crystal film. Handling problems would thus be

lessened and more versatile processing procedures could be evolved.
3.3 SPHERES AND TUBES (SOLID AND HOLLOW)

Ball bearingé of unprecedented tolerances is one of the proposed
candidates for space manviacture (Ref, 44). The only real considerations
regarding the manufacture of solid bearings is near zero-g environments
are material handling problems, i.e., how to eject a quantity of molten
metal so that .t will remain levitated long enough to assume a near perfect
spherical shape; how to cool the molten levitated sphere under zero-g;
how to collect the solidified spheres; etc. This assurance as to the feasi-
bility of manufacturing solid ball bearings is possible because near zero-g
environments via free fall are routinely used on earth for the same pur-
pose, e.g., lead shot. Also, very small spherical single crystals o alloys
have been made by solidifying alloy melts in very small ceramic tubes
(Ref. 45). One consideration which—may be of importance with some metals
is that of anisotropic crystal growth rates. Growth rate anisotropy is not
expected to be a problem as long as a large number of nucleation sites
exist, thus assuring a fine grained product. Conceivably where crystalli-
zation proceeds from only one nucleation site, the molten sphere might
possibly crystallize into a gedmetrical shape. Such a rather unlikely possi-
bility is amusingly illustrated in the following photograph. The photograpﬁ
is an altered version of Sir John Everette Mellais' painting ""Bubbles, '

Dr. G. A. Chadwick of Cambridge University supplied the negative,

22
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Fig. 7 - Zero-G Phenomena May be Surprising

Dr. Chadwick actually used the phetograph to illustrate anisotropic solid
surface tensions, Smal! bubbles observed in ioaic solids have a decided
crystallographic appearance (Ref. 46). These polyhedral ""holds" are
attributed to extreme anisotrophy cf the solid surface energy even at
temperatures approaching the melting point, Liquids, however, generally

do not exhibit surface tension anisotropy.

In the case of liquid crystizls, however, anistropic surfac= tension
does result in non-spherical liquid equilibrium shapes (Ref. 47). Figure 8,
reproduced from Ref. 47, shows some of the equilibrium shapes postulated,
Tactoids, Fig. 8b, apparently have been observed in colloidal solutions and

in some plant virus preparations.

23
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(o)

®

(d)

Fig. 8 - Equilibrium Shapes of Liquid Crystalline Drops (Ref. 47)

The influence of solid surface tension is important only on a micro-

scopic scale., The forces involved are much too small for any sizable mass

~ transfer (Ref. 48). The possibility of crystallizing liquid crystals directly

into unique shapes, however, is an interesting note,
Unlikely ac the possibility of directly solidified cubes, etc.,, at present
appears, possible ramifications of growth rate and solid surface tension

anisotropy should be considered further. For one thing, directly solidified

single crystal geometrical shapes or solid foams with square bubbles may
24
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be highly profitable products, Such polyhedrons would indeed represent

unique products,

The elucidation of the advantages of a zeru-g environment in producing
hollow ball bearings awaits further advancement in the state of the art of
materials. First of all some stabilizing agent for molten metal films will
have tc be defined., Stable bubbles of most pure materials are not possible
without the presence of an additive, Some additive, analogies to soa;ﬁ in
water, will have to be found for metals before the concept of producing
hollow ball bearings can be regarded as feasible. Once such an additive
has been found then other secondary problems such as the volume change
which occurs on crysta.ilization, the number of nucleation cites, convection,
etc. In regard to stable bubble formation, it would be interesting to experi-
ment with chemical compounds like or similar to saponon. Saponin does

form stable bubbles which apparently can be solidified directly (Ref. 49).

Finally, the foreseen advantages of zero-g to grow hollow tubular
crystals is that of lessened mechanical strain in the produced tubes. This
lessened mechanical strain would allow longer, straighter tube to be grown
directly from melt. Two reports of such tubes have been found in the litera-
ture. Single, bi-, and tri-crystalline tubes of ice were grown directly
from \ ater over which a vacuum was maintained (Ref. 50). Also, tubes
of germanium have been grown by Russian investigators {Ref. 51). Uses
for such tubes is at present unknown. The recent use of thin films for
wave guides for acoustic signals (Ref, 52), however, suggests that 1 use

for hollow, crystalline-tube:s would soon be found.
3.4 DIRECTIONALLY SOLIDIFIED COMPOSITES

A number of unusual and unique products as the result of undirec-
tional solidification of multi-component melts have been suggested. These

include metal alloys, magnetroresistive and infrared polarizing materials,

. 25
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supercooling materials, and optical materials (Ref. 53). Nickel, cntalt,
columbium, and tantalum alloys which are stronger than any commercial
alloys of the same base metal have already been produced by this method
(Ref. 54). ‘

In one study of the morphology generated by undirectional solidifi-
cation of eutecties, a classification of the structure as a function of the
degree of constitutional supercooling is given (Ref. 55). The table given

in the reference is reproduced as follows:

Table 1

SOLIDIFICATION STRUCTURE AS A FUNCTION OF
CONSTITUTIONAL SUPERCOOLING

et

B Degree of Constitutional Undercooling
Si‘ngle- Planar Two- Three- Dendrites Equiaxed
phase dimension dimension
alloy Cells Cells
Eutectic Lamellar Rods or Dendritic or Acicular
alloy Broken crystallo- Globular
Lamellar graphic

.- M :
N T

T

RE e LA U

3

[ L

s

The degree of constitutional supercooling ahead of a single-phase
planar interface is a function of (1-ko)/ko, R, and G, whgre k  is the
equilibrium distributiion coefficient, R the rate of growth, and GL the
teinperature gradient in the liquid. For eutectic solidification, a eutectic
distribution coefficient, ke’ is defined é,s the ratio of the solubility in the

solid divided by the solubility in the liquid. Ahead of cach solid phase in

a solidifying eutectic a different k will obtain, The structure of the eutectic

will depend primarily on the values of (l-ke)/ke,‘ R, ‘and G, ahead of each
solid phase. As observed previously, a steep, positive temperature
gradient ahead of a solidifying interface tends to supress constitutional
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supercooling. A steep temperature gradient, however, also tends io
increase the likelihood of convection which has the effect of lessening the
temperature gradient, It can thus be appreciated that convection can have
a profound influence on the microstructure of airectionally solidified com-
posites, The role of convection in a number of directionally solidified
eutectic experiments has been considered briefly (Refs. 56, 57 and 58).

Much. however, remains to be done in this area.
3.5 POSTULATED UNIQUE PRODUCTS

Other unique products based on solidification processes can be postu-
lated. For example, by controlling the freezing rate it should be possible
to solidify a monotectic so that the solid forms a uniform fibrous dispersion.
A monotectic is a rmulticomponent meit (liquid 1) which "freezes' to a solid
and another liquid (liquid 2), i.e., liquic 1*== solid + liquid 2, Liquid 2

can then be blown out leaving a fine porous matrix (Ref. 59).

A composite material consisting of inverse bubbles of one phase within
another phase should certainly possess unique properties. An inverse
bubble is a spherical film of one material within another material. In the
case of air bubbles in a liquid, an inverse bubble has the following con-
figuration (Ref. 60).

Material
1

Material
1

Air
f‘.ig. 9 - Structure of Inverse Bubbles

27
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If it were possible to obtain such bubbles with materials which ¢could be

S .

L2 %

solidified with the bubbles intact, a truly unique product wouid be produced,

The advantage of zero-g envircnment for the production of such a product

e

k>

would be dispersion stability during solidification. The two products just

1

we Wy

mentioned are, of course, highly speculative ai preseat. More investi-

A

s gation is indicated.
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Section 4
PROCESSING CONCEPTS

MELT GROWTH OF LARGE SINGLE CRYSTAILS

1

4.

Melt growth is presently the most frequently used technique for

The Czochralski method is

the common technique used. The salient features of the Czochralski tech-

production of semiconductor single crystals.

niques are shown in Fig. 10.

Fig. 10 - Czochralski Crystal-Growing Arrangement
25
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Material melt is contained in a heated crucible. A seed crystal is brought
into contact with the melt surface. After wetting is c-ompleted, the seed
is slowly withdrawn. The diameter of the pulled crystal is controlled by
controlling the temperature of the melt and the rate of crystal pulling,
Also, the crystal is rotated as it is withdrawn to eliminate thermal asym-
metry. The melt may also be rctated for greater control of the thermal

conditions,

One of the great advantages of the Czochralski method is that con-
trolled amounts 6f impurity can be readily added to the melt. Proven as
the technique is under earth conditions, it4 does not appear to have a very
high potential for operation in a zero-g environment without drastic modi-
ficaticn. For one thing, some sort of restraint must be put on the melt.
A completely containerized melt with the crystal pulling occuring through

a slot is conceivable. Many foreseen problems, however, can be antici-

pated with such an arrangement, introduction of addit.onal thermal gradients -

to name one. Restraint of the melt by magnetic means is another possi-
bility in some cases, but probably too complicated in actual practice., A
more likely pos.‘sibility is the pedestal method which is a «cmbination of

the floating-zone and Czockralski techniques. This technique will be dis-

‘cussed subsequently.

Thc floating-zone method appears to be directly adaptable to a near
zero-g environment. No real objectiones to operation in space environment

can be raised.

The salient features of the floating-zone technique are illustrated in
Fvig. 11, A mosten band or zone is produced in a rod of polycrystalline
material. The method of heating may be radiant, induction, or electron-
beam bombardment, depending upon the physical characteristics of the
particular material being processed. The molten zone is caused to pass

along the rod, by moving the heat source, with melting occur:ing at one

30
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L -

By introducing a properly oriented

interface and freezing at the other.

(-

and controlling the rate of zone travel, single

Lol
-~

seed at the freezing interfac

Tt -

The main advantage of the technique

crystal growth can be acccmplished.

is that crucible-melt contact is avoided thereby eliminating a potential

Under 1-g condition, however, the size of the

source of contamination.

molten zone is limited by the need for surface tension to balance the hydro-

Also, a limiting factor is the tendency of

static pr ssure of the liquid,

A long thin molten zone

surface tension to reduce the liquid surface area.

would show a tendency to separate.

' . :
e s T . L ﬂ

Heater

e e RS S
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Even fuirther improvement of crystal quality and crystal size might
be realizable .cr some materialsunder zero-g with the pedestal method.

A schematic of the . . ~atus ie shown in Fig. 12, (Ref. 61)

Fulling speed
A {
|

uar.z
Qua v

tube \

Growing

/ single crystal
/ Melt

Peolycrystalline

/— ingot

Grapaite

resistance
heater \

Ceramic shield

Crucible
speed T
\\T ~——-Crucible

Fig. 12 -~ Schematic of Pedestal Apparatus (Ref, 61)

The definition of the molten zone and crystal shape with no gravity res-

training force will ke an interesting analytical problem,

Because of atmosphere or decomposition problems, it may be advis~
able in some instances to utilize contained crystal growth. In many cases
the well-krown Bridgman technique or Stockbarger method will probably
be the most euitable, The essentials of this method are illustrated in
Fig 3.
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Nichrome
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Fig. 13 - The Bridgman Technique (Ref, 62)

In this method molten material in a crucible is lowered from a Lot furnace
into a cooler one, Growth begin: when the pointed tip cools below the
melting pcint of the crystal, Operation of this technique in zero-g would
require that the melt wet the crucible,

3.
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4,2 SOLUTION CRYSTAL GROWTH

Solution growth offers the advantage of crystal growth at 2 lower
temperature than would be possible in melt growth, An exhaustive theo-
retical analysis of the role of gravity convection in solution growth was
recently reported by one of the foremost recognized authorities on crystal
growth, W, A, Tiller of Stanford (Ref. 63). As the result of this analysis,
Tiller proposes the arrangement shown in Fig. 14 for long term stability

and programmed crystal g rowth,

Tube

/—Radiation shields

| /— Crystal

Connection-free
cell \

Crucible

Porous plug

Fig. 14 - Schematic of Tiller's Proposed Cell for Solution Growth (Ref. 63)

In : egion II the bulk liquid is completely mixed by forced convection,
while region I is completely convection free. The porous plug prevents
convection flow from region II to region I. The radiation shield is a further

precaution against severe temperature gradient leading to convection.
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Component concentration in the region II is maintained by a vapor feed

procedure,

For growth at near zero-g a number of modifications can be proposed,
The melt will have to be completely contained. Control of “he sclute con- =

centration can be accomplished either by vapor fead, slow sclution, or 2

YL Y

mechanical addition. Which procedure would be .. .visable awaits future
analysis,

It should be noted that even though forced convection is required in
region II even uunder zero-g with this arrangement, the elimination of all

convection in region I would result in a much saperior product.

Other a~rangements based on solution crystal growth can be devised
for zero-g operation. One of these is the "temperature gradient zone :
1xelting" (TGZM) technique described by Pfann (Ref. 64). In this technique,

a thin layer of solid solute is sandwiched between blocks of solid solvent,
The whole arrangement is then placed in a stationary temperature gradient,
A moiten zone will result because a solution will have a lower melting
point than a pure soivent, Because of the action of the rarious rate pro-
cesses -- solution, diffusion, and freezing — the molten zone will migrate
through tke block. Figure 15 illustrates the physical situation

~ Uncrystallized solvent

- Molten zone of solute and solvent

— Crystallized solvent

Fig. 15 - Schematic of Tempefature Gradient Zone Melting

adey T
'
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An analysis of the technique and several variations are discussed in some
detail in Ref, 65. For the production of semiconductor single crystals

the technique appears quite promising. A number of specific studies
including those on GaAs, a-SiC, and GaAs/GaP heterojunctions, have
already been conducted (Ref. 65). One of the most important advantapes
of the technique is the dramaiic reduction of constitutional supercooling.
Presumably operation of the technique in zero-g would further enhance the
reduction. Probably other advantages such as large molten zones would

also obtain in near zero-g.

Finally, in some cases the technique of allowing a freely suspended
crystal to grow from solution may offer advantages in zero-g. In one-g,
it has been found that curves of equal concentration as observed by an
interference microscope are deformed (Ref. 66). Increased convection

at various paces caused crystal growth to be accelerated. Apparently,

zones where increased convection was observed correlated with resultant

solution inclusions.
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Section 5
MATHEMATICAL TODRMULATIONS OF CRYSTAL GROWTH

A great variety of factors involved in crystal growth have been dis-
cussed in previous sections. Many otkers have not even been touched on,
Reference 1 considers some other aspects of crystal growth at greater
length. Obviously, any mathemnatical analysis must severely limit the
area of interest and applicability. For the purposes of evaluating as yet
unknown space processing concepte, however, it is desirable to have
géneral criteria for deciding which physical processes are predominant.
Such criteria definition is projected work for the near future. Much of
the groundwork for such criteria definition has been laid in the course

of the present, reported study.

Projected future studies are seen as delineating the mathematics
of the whole range of known physical phenomena involved in crystal growth,
Once this delineation is completed, criteria for application will be defined.
With the aid of these criteria it should then be possible to simplify the
mathematics so as to make them amenatle to either computer or analyti-

cal solution,

The following simple example pursued for a short time in the present

. study will illustrate the approach. Probably the crystal growing technique

which will be most used in near zero-g environments will be the floating-
zone, With this technique, it will be highly desirable to have a means to

predict how the shape of the freezing interface is influenced by the rate of
molten zone travel. The physical situation at study state is as shown in

Fig. 16,
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v
+--—J- —— Melting Interface
Heater .
T ravel :
Direction —_— Molten Zone

le—>{ —>

T a

T. | os — Freezing Interface
x

Fig. 16 - Mathematical Model of Zone Melting

The temperature distribution within the cylindrical rod satisfies the

differential equation (Ref. 67).

oT 0T 1 oT oT _
where
- v
p - T

where K i3 the thermal diffusivity.

Obviously, depending on the ratio of the velocity of crystallization
and the thermal diffusivity, the p term may or inay not be important.

If it were unimportant, its neglect would proba)ly simplify the solution
of equation ! considerably.

Other considerations such as steady-state temperature distributions
along the solidifying rod and the mathematical description of surface ten-
sions driven flows were also examined in the present study. It may be of
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" interest to indicate here some of the considerations obtaining in surface

tension flows,

As I discussed in the Appendix, if a surface is curved the only dis-
continuity is in the hydrostatic pressure in a direction normal to the
surface. This discontinuity for a liquid sphere is given by the well known

equation

- - 2Y
Pp-Fp = =%

where PE and PT are the external and internal hydrostatic pressures, and
r the radius of the curvature. The term -2-3-'- is called a surface pressure,
m, by some authors, If the surface tension varies along the surface
because of temperature or concentratior. variations, a tangential stress

variation is set up.

Between two phases, therefore, a discontinuity in the bulk tangential
stress is set up proportionéd to the variation of surface tension gradient
or surface pressure gradient. More completely, the shear stresses
exerted by the bulk phuses is given by Ref. 4c.

Shear stresses Surface pressure Surface

exerted by =  gradient +  dilational

bu'k fluid stress -
+ Surface

shear stress

Simplification of the preceding equation to easily produce accurate physical
and mathematical approximations of {icating-zone crystallization is the
subject of projected future studies. '

s -
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Appendix
MECHANICAL TREATMENTS

Mechanical trratments of surface tension presented in the literature tend
to be confusing. A bothersome point frequently encountered is how the liquid
surface can be in a state of tension when a liquid is defined as material that
cannot withstand a shear stress. The confusion regarding this point appaars
to stem from a failure to clearly define presiure terms. For exampie, the
following list of pressurc .erms are encountered in the literature on surface

tension:

Hydrostatic p essure
Thermodynamic pressure
Total pressure '
Cohesive pressure -
Intrinsic pressure
Internal pressure
Molecular pressure
External pressure
Applied pressure
Thermal preasure
‘Kinetic pressure
Capillary pressure
Surface pressure,

_ It is probably well, therefore, to reconsider the concept of pressure and
the manner in which it may be possibls to clarify the various pressures ziving

O A-)
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rise to surface tension. The following discussion, while possibly not rigorously
precise concerning subtle nuances of pressure regarcad as a tensor term,
present a fairiy simple visual concept of surface tension forces and their
operation. The discussion follows the presentation of Brown (Ref. 68) for the
most part. Several original modifications, however, have been incorporaied

into Brown's treatment.

Consider a rather sizable, free floating liquid drop as in zero-g. Two
pressures, acting in the same direction, keep the drop irtact. These two
pressures are a cohesive, internal, or intrinsic pressure, Po. and an aﬁplied
external pressure, Pp. Acting in opposition to these two pressures is a
thermal preasure, PT’ The thermal pressure arises from the thermal motion

of the moleculees, ther e or the t

is the pressure that is independent of direction within a liguid. The cohesive

pressure P, has its origin ir powerful short-ranged attractive forces. In
the interior of the liquid these attractive forces acting on any gi\}en volume
element are all of the same magnitude regardlzss of direction and so cancel
out. Near the liquid surface, however, the surface moiecules experience an
unbalaaced attraction - more toward the liquid and less toward the vapor.

The cohesive pressure, in other words, is not the :ame in directions
normal and parallel to the surface. At equilibrium, the following squations

may be written:

Normal to the surface

Pp=P,+Pg

Parallel to the surface
or = g9t ap

Pressures parallel to the surface are written here as stresses orly to
distinguish cleariy the different directions.
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Right at the dividing surface we may say that P  is essentially zero
because the aitractive forces of vapor molecules for iig..u molecules and
vice versx arc quite small, This decreased attraction i1 a normal direction
to the surface i3 puzzling at {irst encounter. Brown, however, gives a neat
exnlanation (Ref. 68, p. 431). The surface may be viewed not as static but
in a state of dynamic equilibrium, Because tlie surface molecules possess
higher potential energy than the rest of the liquid, their density is less than
in the rest of the liquil. As a result the pressure at the surface is less than
in the rest of the liquid. In other words, "the potential energy which a
molecule would lose by moving from the surface into the interior is equal to
the potential energy of strain which the surface layer would 5=in by this
transfer."” As we descend into the liquid Po increases. Because Pt is ‘equal

to Op» We may write
PO + PE = Oo + OE
and since ir the surface layers

9% > Po
then
°g < P

which implies a state of tension parallel to the surface. The surface tension,
however, is defined as the force per unit length required to extend a film
a certain distance and is given by

Y = (PE - o)t

where t is the thickneas of the surface layer. The actual tension in the surface
layer is given by - opt. ‘

A-3
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CURVED SURFACES

The following illustrations show three poseible curvatures of liquid/gas

interfaces,

Planar Concave Convex
L/ a W vl
Fig. 17 - Possible Liquid Surface Curvatures *

Assuming that the liquid surface is in a state of tensjon, it follows that the
pressures on either side of the interface are equal for a planar interface or
unequal for curved interfaces. The question is how the various pressurez are
altered by a curvec interface. As discussed previously, right at the boundary
betwaen liquid and vapor, P is essortially zerc. For a planar interface,
therefore, PT= Pg. In a liquid whose surface is concave to the vapor, the
liquid above a small volume element in the surface exerts an attractive force
on the clement., The situation may be represented as shown in the following
diagrain (Ref. 49, p.8):

Range of molecular attraction

- e T vn e e

Liquid axerting vertical
attraction on volume element

Fig. 18 - Attraction on Small Volume Elsment in Concave Liquid Surface

In this case P is not zero .right at-the surt.ce, but adds to the thermal

pressure, i.e,,

pT+p°= pE

A-4

a——. v
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In a liquid surface concave to the vapor P, is subtracted from P, i.e.,

PT - Po = PE

So that in a concave liqurid surface Pp is greater ghari PT’ and in a convei liquid
surface, Py is greater than Pp. The pressures op in the direction of the
surface are¢ correspondingly ircreased or Gecreased hecause of the equality

Pr = O, If the 0, terms are unaffected by surface curvature the surface

tension given previously by
(PE - OE)t

is also unaffected by surface curvature. This result is in ac.ord with the
literature (Ref. 69, p. 138)., Presumably for extremely smail drops where
the curvature is extreme the ¢ o terms would be;at‘t‘ected. and so the surface
tension would also be affected.

THERMODYNAMIC FORMULATIONS

Perhaps because of the confuzion regarding the manner in which a
surface tension might arise, a number of authors would deny the existence
of surface tension altogether, Surface tension in these treatments is re-
garded as a convenient fiction with surface energy as the ultimate reality.
While not sharing this view, the present study recognizes the additional
insight value of the thermodynamic aperuach and so presents a brief ontline
of its salient features.

A suiface energy is defined as the work required t2 move a molecule from
the interior of a liqufid to the surface. The energy change involved in extending
a liquid fil- irom a state of zero surface area to a state of surface area A,
ignoring volume offects, is given by

AE=q- YA
: Ao
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The heat term q is given by AA where A is further defined as a heat supplied
at constant tempcrature per unit increase of area. By performing an analysia
of a cycle in which the surface is increased and decreased at constant tem-
peraturv, and the temperature raised and lowered at constant area, the

latent heat of surface extension is found to be (Ref. 69)

o)

The increase in energy of the film per unit increase in arez is, therefore,

. Y- T S

In the preceding equation A E, can be identified with the total surface energy

AE

and vy the free or availatile surface energy.

A-b
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